Abstract. MicroRNAs (miRNAs) are a class of small non-coding RNAs that function as critical gene regulators by targeting the 3' untranslated region (UTR) of mRNA, causing translational repression or mRNA degradation. Deregulation of specific miRNAs, including miR-212, has been identified in patients with osteosarcoma. However, the underlying mechanism is yet to be fully elucidated. The present study aimed to reveal the regulatory mechanism of miR-212 in osteosarcoma cell viability and migration. Quantitative polymerase chain reaction data revealed that miR-212 was significantly downregulated in osteosarcoma tissues compared with normal bone tissues. miR-212 was also downregulated in osteosarcoma cell lines compared with normal osteoblast cell lines. Overexpression of miR-212 significantly suppressed the viability and migration of human osteosarcoma MG-63 and Saos-2 cell lines. In addition, forkhead box protein A1 (FOXA1), an oncogene in osteosarcoma, was predicted to be a putative target of miR-212 by bioinformatical analysis. Furthermore, luciferase reporter assay data confirmed that miR-212 could directly bind to the seed sequences within the 3'UTR of FOXA1 mRNA, and miR-212 negatively mediated the protein levels of FOXA1 in osteosarcoma MG-63 and Saos-2 cells. Moreover, knockdown of FOXA1 also led to a significant decrease in the viability and migration of osteosarcoma MG-63 and Saos-2 cells and the expression levels of FOXA1 were significantly upregulated in osteosarcoma tissues and cell lines. These data suggest that miR-212 inhibits the viability and migration of osteosarcoma cells by targeting FOXA1. Accordingly, miR-212 may become a potential candidate for osteosarcoma therapy.
Introduction
Osteosarcoma (OS) is the most common mesenchymal sarcoma in bones (1) . In recent years, various oncogenes and tumor suppressors have been identified to be associated with the development and progression of osteosarcoma (2) (3) (4) . Therefore, investigation into the genes involved in the regulation of osteosarcoma cell viability and migration is crucial for the development of therapeutic targets for osteosarcoma.
Accumulating evidence supports the cancer-associated effects of microRNAs (miRNAs), which are a group of endogenous small RNA containing about 22 nucleotides, which function through the inhibition of the expression of various genes. Bioinformatics algorithms suggest that human miRNA regulates up to 30% of human genes, which represents the majority of genetic pathways (5) . Moreover, various miRNA are deregulated in different types of human cancers and are important in promoting or suppressing the development and progression of malignant tumors (6) . Therefore, these miRNA act as oncogenes or tumor suppressors in cancer, which may become novel targets for anticancer therapies.
The role of miR-212 has been elucidated in several cancer types. Xu et al (7) identified that the expression of miR-212 was significantly decreased in gastric cancer caused by DNA hypermethylation, suggesting that downregulation of miR-212 may be associated with the development of gastric cancer. On the contrary, miR-212 was demonstrated to be upregulated in pancreatic adenocarcinoma tissues, and overexpression of miR-212 enhanced the proliferation of pancreatic cancer cells, indicating that miR-212 may be an oncogenic miRNA in pancreatic cancer (8) . Thus, miR-212 has opposing roles in cancer, and further investigation is required in different cancer types. Recently, Luo et al (9) found that the expression level of miR-212 was markedly reduced in osteosarcoma tissues compared with adjacent normal tissues. Furthermore, they identified that overexpression of miR-212 inhibited cell proliferation and invasion, partly at least, via targeting the sex-determining region Y-box 4 (Sox4) in osteosarcoma cells. These observations suggest that miR-212 is suppressive in osteosarcoma. However, as one miRNA has multiple types of targets, whether other genes are also involved in miR-212-mediated malignant phenotypes of osteosarcoma cells remains unknown.
The present study aimed to examine the expression of miR-212 in osteosarcoma tissues, and elucidate its role in the regulation of osteosarcoma cell viability and migration. miR-212 targets were also studied, which may be involved in this process.
Materials and methods
Tissue. The present study was approved by the Ethics Committee of the Medical School of Qingdao University (Qingdao, China). Osteosarcoma tissues and matched normal non-tumor tissues were obtained from 13 patients with osteosarcoma diagnosed by pathological analysis from the Eighth People's Hospital of Qingdao (Qingdao, China). Written informed consent was obtained from all patients and the characteristics of patients are shown in Table I . Patients did not receive any treatment prior to the surgery. Tissues were stored at -70˚C until further use.
Cell culture. Human osteosarcoma cell lines (HOS, Saos-2, U-2OS and MG-63) and the normal osteoblast cell line NHOst were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). Cells were cultured in Dulbecco's modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS; both Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) in a cell incubator containing 5% CO 2 at 37˚C.
Transfection. miR-212 mimics, negative control miRNA (miR-NC) and FOXA1 siRNA were provided by Sigma-Aldrich (Merck Millipore, Darmstadt, Germany). Cells were seeded in 24-well plates (1x10 5 cells/well) and transfected using a concentration of 100 nM that was diluted using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.). Following incubation at 5% CO 2 and 37˚C for 48 h, the cells were used for further analysis.
Quantitative polymerase chain reaction (qPCR). Total RNA was isolated using TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc.). miR-212 expression was determined using TaqMan MicroRNA assays (Applied Biosystems; Thermo Fisher Scientific, Inc.) according to the manufacturer's instructions. U6 (Applied Biosystems; Thermo Fisher Scientific, Inc.) was used as a normalization control for miRNA expression. To detect the mRNA levels of FOXA1, primers for FOXA1 and GAPDH were obtained from Shanghai Shenggong Co., Ltd., (Shanghai, China). The primer sequences were as follows: FOXA1 forward, 5'-GCA ATA CTC GCC TTA CGGCT-3' and reverse, 5'-TAC ACA CCT TGG TAG TAC GCC-3'; and GAPDH forward 5'GGA GCG AGA TCC CTC CAA AAT-3' and reverse 5'-GGC TGT TGT CAT ACT TCT CATGG-3'. GAPDH was used as a normalization control for gene expression and the qPCR reaction was performed using a Applied Biosystems 7500 Real-Time PCR System (Applied Biosystems; Thermo Fisher Scientific, Inc.). The qPCR reaction mixture contained 0.33 µl cDNA solution, 10 µl of 1X TaqMan universal PCR master mix, 2 µl 1X gene specific primer/probe set and 7.67 µl H 2 O, at a final reaction volume of 20 µl. The thermal cycling conditions were as follows: 95˚C for 10 min, 40 cycles of denaturation at 95˚C for 15 sec, and annealing/elongation step at 60˚C for 60 sec. The relative fold changes of the miRNA and genes were calculated using the 2 -ΔΔCt method (10) .
Western blot analysis. Cells were lysed using assay lysis buffer (Beyotime Institute of Biotechnology, Wuhan, China) and the protein (50 µg) was separated by 12% SDS PAGE and subsequently transferred to polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA). Rabbit anti-FOXA1 and anti-GAPDH antibodies (both 1:200; cat. nos. ab23738 and ab9485, respectively; both Abcam Cambridge MA, USA) were incubated with the membrane overnight at 4˚C. Following washing three times, the membrane was incubated with goat anti-rabbit secondary antibodies (1:10,000; cat. no. ab6721; Abcam) at room temperature for 1 h and visualized using enhanced chemiluminescence (EMD Millipore).
Cell viability assay. Cells were seeded in 96-well plates (1x10 5 cells/well) and cultured for 24 h. The MTT assay was used to measure cell viability of MG63 and SAOS2 cells transfected with miR 212 mimics and negative control miRNA. Non-transfected cells were used as control group. At 48 h post transfection, the transfection medium in each well was replaced with 100 µl fresh serum free medium containing 0.5 g/l MTT (Sigma-Aldrich; Merck Millipore). Subsequent to incubation at 37˚C for 4 h, the MTT medium was removed by aspiration and 50 µl dimethylsulfoxide (Sigma-Aldrich; Merck Millipore) was added to each well. Following incubation at 37˚C for a further 10 min, the optical density at 570 nm was measured using the BioTek ELX 800 Absorbance Microplate reader (Biotek, Winooski, VT, USA).
Cell migration assay. Cells (1x10
5 cells/well) were trypsinized and seeded in the top chamber of Matrigel-coated polyethylene terephthalate membrane (Corning Inc., Steuben County, NY, USA). FBS (10%) was added into the lower chamber and after culturing for 24 h, the cells that did not migrate through the membrane were removed; and the cells that had migrated through the membrane were stained using 0.1% crystal violet for 30 min. Migrated cells were counted under an optical microscope (Olympus Corp., Tokyo, Japan).
Luciferase reporter assay. Targets of miR-212 were analyzed using the TargetScan program (targetscan.org/). In order to confirm whether FOXA1 was a direct target gene of miR-212, a luciferase assay was performed using pMIR-Report vector (Applied Biosystems; Thermo Fisher Scientific, Inc.) containing the wild type (WT) or mutant (MT) FOXA1 3' 
Results

miR-212 is downregulated in osteosarcoma.
Τhe present study initially examined the expression level of miR-212 in osteosarcoma tissues. qPCR data revealed that miR-212 was frequently downregulated in osteosarcoma tissues compared with their matched normal adjacent bone tissues (P<0.05; Fig. 1A ). In addition, miR-212 was also significantly downregulated in several common osteosarcoma cell lines compared with the normal human osteoblast cell line (P<0.05; Fig. 1B ). These data indicate that deregulation of miR-212 may be associated with the development of osteosarcoma. 
Restoration of miR-
miR-212 directly targets the 3'UTR of FOXA1 and negative ly mediates its expression in osteosarcoma cells.
Putative targets of miR-212 were identified using TargetScan. As shown in Fig. 5A , a putative 8-mer binding site for miR-212 was indicated in the 3'UTR of FOXA1 mRNA. To further confirm this prediction, a luciferase reporter assay was conducted. As shown in Fig. 5B , transfection with a miR-212 mimic led to a significant decrease in the luciferase activity of MG-63 cells (P<0.01) in the WT group, but no significant change was identified in the MT group compared with the control group. Similar observations were also indicated in Saos-2 cells (Fig. 5C) . Therefore, the present data indicates that miR-212 directly targets FOXA1 by interacting with the 3'UTR. As miR-212 negatively mediates the protein levels of their targets, the effects of miR-212 on the protein levels of FOXA1 were investigated further. FOXA1 protein levels were observed to have decreased after overexpression of miR-212 in MG-63 and Saos-2 cells (Fig. 6A and B, respectively) .
Knockdown of FOXA1 inhibits the viability and migration of osteosarcoma cells.
Human osteosarcoma MG-63 and Saos-2 cells were transfected with FOXA1 siRNA. As shown in Fig. 7A , the FOXA1 level was significantly reduced in MG-63 cells (P<0.01). Similarly, transfection of FOXA1 siRNA also significantly suppressed the FOXA1 level in Saos-2 cells (P<0.01; Fig. 7B ). MTT assay further determined the cell viability capacity of MG-63 and Saos-2 cells in each group. As shown in Fig. 8 , knockdown of FOXA1 significantly inhibited cell viability compared with the control group (P<0.01). Subsequently, a Transwell assay was conducted to determine the cell migration capacity in each group. Consistent with the effect of miR-212 overexpression, inhibition of FOXA1 expression also significantly suppressed the migration of MG-63 and Saos-2 cells (both P<0.01; Fig. 9A and B, respectively) . These data indicate that FOXA1 promotes the regulation of the viability and migration of osteosarcoma cells.
Discussion
miRNA have been demonstrated to directly bind to the 3'UTR of their targets mRNA, through which they inhibit the protein expression of their targets. Deregulation of miRNAs are associated with the development and progression of human cancer. miRNA have been identified to act as tumor suppressors in osteosarcoma. Jiang et al (11) revealed that miR-126 inhibited cell growth, invasion and migration of osteosarcoma cells by downregulating ADAM-9. Geng et al (12) revealed that the expression of miR-124 is significantly downregulated in osteosarcoma tissues and cell lines, compared with adjacent tissues, and overexpression of miR-124 suppressed cell proliferation, migration and invasion, and induced apoptosis in osteosarcoma cells. Furthermore, miR-145 was found to target the vascular endothelial growth factor and inhibit invasion and metastasis of osteosarcoma cells (13) . The present study identified that miR-212 was also downregulated in osteosarcoma tissues and cell lines, and acted as a tumor suppressor in osteosarcoma, thus supporting the hypothesis that miRNA function in the tumorigenesis of osteosarcoma.
miR-212 has been found to be important in different cancer types. For instance, miR-212 is downregulated in human gastric cancer suppresses the methyl-CpG-binding protein (14) . Zhao et al (15) revealed that miR-212 suppressed the G1/S phase transition of the cell cycle and the epithelial to mesenchymal transition in cervical cancer cells via the inhibition of SMAD2 expression. Moreover, miR-212 was also identified to exert a suppressive effect on SKOV3 ovarian cancer cells by targeting HBEGF (16) . These aforementioned observations indicate that miR-212 may have a suppressive role in human cancer. However, miR-212 was also identified to promote the malignance of non-small cell lung cancer cells and target the hedgehog pathway receptor, Patched 1 (17). These observations suggest that miR-212 has a complex role in cancer progression and its exact function is tumor-specific. The present study revealed that miR-212 was downregulated in osteosarcoma, and overexpression of miR-212 significantly inhibited the viability and migration of osteosarcoma cells, suggesting a tumor suppressive role of miR-212 in osteosarcoma. This evidence strongly suggests that miR-212 is involved in the progression of osteosarcoma.
Recently, Luo et al (9) also revealed that miR-212 was downregulated in osteosarcoma tissues compared with adjacent normal tissues. They suggested that the introduction of miR-212 mimics into MG63 and U2OS cells inhibited cell proliferation and invasion, partly at least, by targeting Sox4. In the present study, FOXA1 was identified as a direct target of miR-212, and its expression level was negatively mediated by miR-212 in osteosarcoma cells. Moreover, knockdown of FOXA1 was observed to have similar effects as miR-212 overexpression on osteosarcoma cell viability and migration, suggesting that the role of miR-212 in the regulation of the malignant phenotypes of osteosarcoma cells is via the mediation of FOXA1.
FOXA1, also known as HNF3α, is a member of the FoxA gene family. Genome-wide location analyses indicate that FOXA1 binds to adjacent cis-regulatory domain with estrogen receptor (ER)α or androgen receptor (AR) (18) . FOXA1 participates in the recruitment of ERα or AR, which are crucial in the regulation of estrogen and androgen signaling. FOXA1 has been identified to have a promoting role in several types of human cancer. For instance, FOXA1 enhanced the proliferation and migration of prostate cancer cells by modulating EAF2 regulation of AR transcriptional activity (19) . Qiu et al (20) revealed that FOXA1 promoted tumor cell proliferation through AR involving the Notch pathway in endometrial cancer. Furthermore, FOXA1 was suggested to be associated with methylation of the tumor suppressor genes promoter, and may be a potential demethylation target for the prevention and treatment of breast cancer (21) . However, to the best of our knowledge, no previous study has elucidated the exact role of FOXA1 in osteosarcoma. In the present study, knockdown of FOXA1 suppressed the viability and migration of osteosarcoma cells. Consistent with our observations a recent 
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study also found that miR-212 directly targets FOXA1 (22) . Moreover, Dou et al (22) revealed that miR-212 suppresses tumor growth of human hepatocellular carcinoma by targeting FOXA1. Therefore, the miR-212/FOXA1 axis may have similar effects on the malignant phenotypes of different types of human cancer. Future studies should focus on this signaling pathway in other types of cancer.
In conclusion, the present study demonstrated that miR-212 is significantly downregulated in osteosarcoma. In addition, restoration of miR-212 expression suppressed the viability and migration of osteosarcoma cells, partly at least, by the direct inhibition of FOXA1 expression. Therefore, miR-212 may be a potential therapeutic candidate for the treatment of osteosarcoma. A B
